Introduction
Pancreatic cancer is one of the most fatal cancers with 5-year relative survival rate of less than 8% [1] . The estimated deaths from pancreatic cancer reached 330,000 around the world [2] . Pancreatic cancer already ranks as the sixth most common cause of death from cancer in China [3] , and the third most common cause in the United States [1] . Unfortunately, the pathogenesis of pancreatic cancers is still insufficiently known, causing a lack of effective treatment for this deadly disease. Therefore, it is urgent to accelerate the mechanistic research underlying the development of pancreatic cancer.
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There is sufficient evidence to support that obesity is associated with an increased risk of various cancers, including pancreatic cancer [4, 5] . Adverse associations of obesity with survival among pancreatic cancer patients have also been demonstrated [6] . Emerging evidence shows that adipokines secreted by adipose tissue are closely involved in obesity-related cancers [7] . Adiponectin is one of the major adipokines secreted by mature adipocytes and plays a vital role in modulating a number of metabolic and inflammatory processes [8] [9] [10] . Notably, the serum level of adiponec tin is significantly reduced in obese individuals [11] . A low serum level of adiponectin has been closely connected with a high risk of various obesity-related cancers [12] [13] [14] [15] . In particular, several prospective studies have demonstrated a significant association of low circulating adiponectin levels with an increased risk of pancreatic cancer, suggesting that abnormal adiponectin signaling may be an important link between obesity and pancreatic cancer [16, 17] .
Adiponectin activates downstream signaling pathways through binding to its specific receptors (AdipoRs) including two main isoforms AdipoR1 and AdipoR2 [18] [19] [20] . Several tumor tissues have been shown to express AdipoRs, indicating that adiponectin signaling may exert vital effects on tumors. It was reported that adiponectin suppressed colorectal cancer cell proliferation via AdipoR1 and AdipoR2 [21] . Similar results have also been reported in other cancers, such as gastric cancer and prostate cancer [20] . However, the direct impact of adiponectin on human pancreatic cancer remains unelucidated. The observation that pancreatic cancer tissue exhibits positive expression of AdipoR1 and AdipoR2 [22] greatly encouraged us to investigate the functional role of adiponectin in pancreatic cancer as well as its underlying molecular mechanisms.
In this study, we investigated the influence of adiponectin on human pancreatic cancer via a series of in vitro and in vivo experiments. Our results revealed that the growth of pancreatic cancer was significantly suppressed by adiponectin signaling, suggesting a protective role of adiponectin against pancreatic cancer. Furthermore, we also explored the potential downstream pathways upon the activation of adiponectin signaling in pancreatic cancer cells to uncover the molecular mechanisms underlying this tumor-inhibitory effect.
Materials and Methods

Cell culture and treatment
Human pancreatic cancer BxPC-3 cells and CFPAC-1 cells were obtained from the American Type Culture Collection (Manassas, VA) and maintained in RPMI 1640 and IMDM containing 10% FBS (Life Technologies, Gaithersburg, MD), respectively. Cells were incubated in equipment at a constant temperature and humidity with 5% carbon dioxide in air, and were passaged on reaching 80% confluence.
Human pancreatic cancer cells were treated with recombinant human adiponectin (BioVendor, Brno, Southern Moravia, Czech Republic) at a concentration of 40 μg/ml or otherwise noted for indicated durations, and then were subjected to further analysis. To detect the protein phosphorylation level of Akt and GSK-3β, BxPC-3 cells were treated with or without adiponectin (40 μg/ml) in the absence of serum for 12h followed by 1h serum stimulation. Next, the cells were lysed in RIPA buffer (Cell Signaling Technology, Boston, MA) followed by western blot analyses. To identify the role of GSK-3β, cells were treated with TWS119, a specific GSK-3βinhibitor (Selleck Chemicals, Houston, TX) at 10μM/Lin the absence or presence of adiponectin. To determine whether proteasome mediated the effect of adiponectin on β-catenin, cells were pre-treated with proteasome inhibitor MG-132 (Selleck Chemicals, Houston, TX) at 10 µM for 1 h, followed by adiponectin treatment.
Generation of stable adiponectinoverexpressing cells and AdipoR1/AdipoR2-knockdown cells
The full-length human ADIPONECTIN gene (GeneChem, Shanghai, China) was inserted into the expression lentivector pCDH-CMV-MCS (System Biosciences, Mountain View, CA) between the NheI and BamHI sites. The primers for cloning are listed in Table S1 . There combinant lentivirus carrying the human ADIPONECTIN gene were generated as described before [10] , and subsequently used to infect BxPC-3 cells or CFPAC-1 cells to generate stable adiponectin-overexpressing pancreatic cancer cells (BxPC-3-adiponectin or CFPAC-1-adiponectin). Moreover, the control cells (BxPC-3-VC cells or CFPAC-1-VC cells) were generated by transduction with an empty virus.
The gene specific targeting sequence for RNAi-mediated knockdown ofAdipoR1 (5'-GCAAA GACTATGATGTTAA) or AdipoR2 (5'-GTGTAGAA GTTGAGAAGAA) was inserted into the shRNAexpressing lentivector pGreenPuro (System Biosciences). The recombinant lentiviruses carrying siAdipo-R1 (Lv-siAdipoR1) and siAdipoR2 (Lv-siAdipoR2) were packaged, respectively. Next, BxPC-3 cells or CFPAC-1 cells were infected with Lv-siAdipoR1 and Lv-siAdipoR2 simultaneously to generate stable AdipoRs-knockdown cells (BxPC-3-siAdipoR1/2 cells or CFPAC-1-siAdipoR1/2 cells). The corresponding pancreatic cancer cells were transduced with a recombinant lentivirus carrying the counterpart scramble sequence (scRNA) to generate the control cells (BxPC-3-scRNA cells or CFPAC-1-scRNA cells).
Cell proliferation assay
Cells were plated in a 96-well plate at a concentration of 4000 cells per well. After attachment to the wall, the cells were cultured in FBS-free medium (RPMI 1640 or IMDM) for 12h and then were treated with or without adiponectin in the corresponding culture medium containing 10% or 2% FBS. At 0, 24, 48 and 72h after treatment, the culture medium was replaced by 100 µl of fresh medium containing CCK-8 reagent (Dojindo, Tokyo, Japan), followed by incubation at 37°C for 2 h. Absorbance was measured at a wavelength of 450 nm using a microplate reader.
Western blot
Cells were scraped into lysis buffer, and lysates were then quantitated using a BCA Protein Assay kit (Thermo Scientific, Rockford, IL). Equal quantities of proteins were added to the gel for electrophoresis and transferred to polyvinylidenedifluoride membranes. Various primary antibodies were used to determine the expressions of target proteins, including adiponectin, AdipoR2, TCF7L2, cyclinD1 (Proteintech, Chicago, IL), GSK-3β, pGSK-3β (Ser9), Akt, p-Akt (Ser473) (Cell Signaling Technology), AdipoR1, β-catenin (SAB), cyclinA2 (Cell Signaling Technology), cyclinE1 (Cell Signaling Technology), p21 (Abcam) and β-actin (Sigma-Aldrich, St. Louis, MO). The protein-antibody complexes were detected using a Pierce SuperSignal West Pico chemiluminescent substrate (Thermo Scientific). Bands of interest were quantified by densitometry using Image J software.
Xenograft model
All animal experiments were performed according to the protocols approved by the Medical Experimental Animal Care Commission at the Shanghai Cancer Institute. The male athymic BALB/c nude mice (5-6 weeks old) used in this study were maintained under specific pathogen-free conditions and were provided free access to food and water. Mice were randomly assigned to two groups, and subcutaneously inoculated with BxPC-3-scRNAcells or BxPC-3-siAdipoR1/2cells (1×10 7 cells/mouse) in the flank region. The tumor size was measured weekly starting 2 weeks after inoculation, and the tumor volumes were calculated as follows: ½×length×width 2 . All mice were euthanized on day 42 after inoculation, and the tumors were excised and weighed.
Immunohistochemical analysis
Tumor tissues were fixed in 10% buffered formalin, embedded in paraffin, and sectioned at 5 µm using routine methods. For immunohistochemical staining, sections were incubated with the anti-PCNA antibody (Proteintech) overnight at 4°C. PCNA staining was visualized using the ImmPress HRP Reagent kit (Vector Laboratories, Burlingame, CA, USA) with NovaRed as a substrate (Vector Laboratories). Hematoxylin was used as a counterstain for the cell nucleus. For the quantification analysis, we counted the number of total cells and PCNA-positive cells per 400× microscope field with 3random fields per mouse. The data are expressed as the percentage of PCNA positive cells, which was calculated as [(positive cell number) / (total cell number)] ×100.
Cell cycle analysis
Forty-eight or seventy-two hours after being treated with adiponectin, BxPC-3 or CFPAC-1 cells were trypsinized and then washed with PBS. Next, the cells were transferred into ice-cold ethanol (70%) at 4°C for 24h, followed by staining with propidium iodide containing RNase A for 30 min at37°C. The cell cycle was analyzed using FACSCelesta flow cytometer (BD Biosciences, Franklin Lakes, NJ), and the percentages of cells in G0-G1, S, and G2-Mphasewere evaluated using the software FCS Express 4.0(De Novo Software, glendale, CA).
Quantitative real-time PCR
Total RNA was extracted with TRIzol (Invitrogen, Carlsbad), and cDNA was prepared by using a FastQuant RT kit (with gDNase) (Tiangen Biotech, Beijing,China). Quantitative real-time PCR analysis was performed using FastStart Universal SYBR Green Master (Roche Diagnostics, Mannheim, Germany) on a StepOne Plus real-time PCR system (Applied Biosystems, Foster City). The relative expression levels of target genes were normalized using Gapdh as an internal control. The primers used in this experiment are listed in Table S1 . The data are presented as the mean ± SEM of three independent experiments.
Microarray profiling and bioinformatics analysis
BxPC-3 cells were treated with adiponectin as described above. Total RNAs from adiponectintreated cells or control cells from three independent experiments were pooled and sent to Shanghai OE Biotech Co, Ltd. (Shanghai, China), for microarray analysis using an Agilent Whole Human Genome Gene Expression 4×44K Microarray (Agilent Technologies). The slide was scanned using an Agilent scanner, and the output images were digitalized by the Feature Extraction software (Agilent Technologies, Santa Clara, CA). The normalization of raw data was then performed using GeneSpring software (version 12.0, Agilent Technologies). The genes were considered to be differentially expressed if their fold changes were more than 2 or less than 0.5 in the comparison of adiponectin-treated cells versus control cells.
The normalized expression data of the differentially expressed genes were imported into the TIGR MeV software (available at http://www.tm4.org/ mev.html) for hierarchical clustering analysis. Simultaneously, the differently expressed genes were uploaded to the web-accessible functional annotation tool from the Database for Annotation, Visualization, and Integrated Discovery (DAVID) version 6.7 (http://david.abcc.ncifcrf.gov) for Gene Ontology (GO) enrichment analysis. The GO terms with P <0.05 was considered to be enriched.
Statistical analysis
The results are presented as the mean±SEM. Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA). The significance of differences between groups was assessed by Student's t test or by analysis of variance (ANOVA) with Student-Newman-Keuls tests for multiple comparisons. A value of P<0.05 (two-tailed) was considered statistically significant.
Results
Adiponectin inhibited the proliferation of human pancreatic cancer cells through its receptors in vitro.
We first investigated the in vitro effects of adiponectin on human pancreatic cancer cells.BxPC-3 or CFPAC-1 cells were treated with recombinant human adiponectin followed by the detection of cell proliferation, migration and invasion. Our data showed that adiponectin treatment significantly inhibited the proliferation of both BxPC-3 cells (P< 0.01) and CFPAC-1 cells (P< 0.01) in a dose-dependent manner (Fig. 1A&B ), but had no influence on their migration and invasion in vitro (Fig. S1 ). To further confirm the antiproliferative effect of adiponectin on pancreatic cancer cells, we overexpressed adiponectin in BxPC-3 and CFPAC-1 cells using lentiviral vectors (Fig. 1C) . Similarly, the forced expression of adiponectin in BxPC-3 cells and CFPAC-1 cells suppressed their growth significantly (both P< 0.01) (Fig. 1D ). Moreover, in order to reduce the impact of a discrete amount of endogenous adiponectin presented in FBS, we repeated the experiments under alow-serum condition with 2% FBS. Compared to the normal medium with 10% FBS, exogenous adiponectin treatment caused a more pronounced inhibition of cell growth under low-serum condition in both BxPC-3 and CFPAC-1 cells (Fig. 1E ). Similar trends were also observed in adiponectin-overexpressing BxPC-3 and CFPAC-1 cells (Fig. 1F) .
Adiponectin exerts its cellular function through binding to their specific receptors [18] . There are two isoforms of the adiponectin receptors, AdipoR1 and AdipoR2, both of which possess seven transmembrane domains with a cytoplasmic N-terminal region and an extracellular C-terminal region [18] .As proven by western blot, these receptors were positively expressed in both BxPC-3 andCFPAC-1 cells (Fig. 1G) . To evaluate the functional role of AdipoR1/2in the adiponectin-induced inhibitory effect on pancreatic cancer cells, we next knocked down the expression of both adiponectin receptors in BxPC-3 cells (BxPC-3-siAdipoR1/2) via lentivirus-mediated shRNAs targeting AdipoR1 andAdipoR2 (Fig. 1H) . The results of the cell proliferation assay showed that knockdown of AdipoR1/2 abolished the antiproliferative effect induced by adiponectin in BxPC-3 cells in the presence of either 10% or 2% FBS in culture medium (Fig. 1J) .
Taken together, these results indicated that adiponectin exerted a significant inhibitory effect on the in vitro proliferation of human pancreatic cancer cells via its receptors.
Knockdown of adiponectin receptors promoted the growth of pancreatic cancer in vivo.
To determine whether adiponectin signaling inhibits pancreatic cancer growth in vivo, we subcutaneously inoculated nude mice with BxPC-3-siAdipoR1/2cells and control cells (BxPC-3-scRNA), respectively. The tumor growth was monitored up to 6 weeks after inoculation. As shown in Fig. 2A , the BxPC-3-siAdipoR1/2 tumors had a drastically faster growth rate than the controls (P< 0.01). Compared with the control tumors, the weights of BxPC-3-siAdipoR1/2 tumors were increased by more than 2-fold (0.29±0.06g vs 0.62±0.13g, P< 0.05) at the time of euthanasia (Fig. 2B &C) . These data suggested that the knockdown of adiponectin receptors accelerated the growth of pancreatic cancer in vivo.
Given the role of adiponectin in inhibiting the proliferation of pancreatic cancer cells in vitro, we detected the expression of PCNA, a marker of cell proliferation, in tumor tissues using immunohistochemistry. There was a significant increase in PCNApositive cells in BxPC-3-siAdipoR1/2 tumors (P< 0.05), demonstrating that blocking adiponectin signaling promoted the proliferation of pancreatic cancer cells in vivo (Fig. 2D&E) . These results suggested that, consistent with the results of the in vitro experiments, adiponectin-stimulated signaling via binding to its receptors inhibited the growth of pancreatic cancer cells in vivo.
Adiponectin induced G 1 accumulation in pancreatic cancer cells via suppressing cyclin D1 expression.
Given the antiproliferative effect of adiponectin in pancreatic cancer cells, we further assessed its influence on cell cycle. After adiponectin treatment for 48h or 72h, BxPC-3cells were subjected to cell cycle analysis by flow cytometry. As shown in Fig. 3A & B, the proportion of cells in G0/G1 phase was overtly increased after adiponectin treatment for both 48h and 72h, while those in S phase and G 2 /M phase were reduced, suggesting G 1 accumulation in BxPC-3 cells in response to adiponectin treatment. Similar results were also observed in CFPAC-1 cells (Fig. 3A&B ). These data indicated that adiponectin suppressed pancreatic cancer cell proliferation through preventing the cells from entering the S phase.
To explain the G1 accumulation induced by adiponectin, we detected the expression level of several important genes involved in G 1 /S transition following adiponectin treatment in BxPC-3 cells. Compared to control cells, adiponectin significantly decreased the mRNA expression of cyclin D1 gene (CCND1), but had no effect on other regulators of G1/S transition (Fig. 3C) . The decreased expression of cyclin D1 induced by adiponectin was further confirmed at the protein level by western blot (Fig.  3D&E) . Cyclin D1has been proven to promote the transition from G 1 phase to S phase and is mandatory for cell proliferation [23, 24] . It has been shown that the overexpression of cyclin D1 in various cancer cells, including pancreatic cancer cells, shortens the G 1 phase [25, 26] . It is thus likely that adiponectin suppressed the expression of cyclin D1, resulting in G 1 accumulation, to exert its negative role in the proliferation of pancreatic cancer cells. E and F, Quantification results of p-AKT and p-GSK-3β protein levels. G, BxPC-3 cells were treated with adiponectin alone for the time indicated durations or in combination with the GSK-3β inhibitor TWS119 (10μM) for 72 h. In parallel, BxPC-3 cells were pre-treated with proteasome inhibitor MG-132 (10μM) for 1h and cultured with adiponectin, then subjected to western blot analysis of the protein levels of β-catenin. H, Quantification result of β-catenin protein levels. I, BxPC-3 cells were treated with adiponectin alone or in combination with the GSK-3β inhibitor TWS119 for 72 h, and then the cell proliferation was determined via a CCK-8 assay. The western blot images shown here are representative results of 3 independent experiments. AdipoQ, adiponectin. Data are expressed as the mean ± SEM of 3-4 independent experiments. **P< 0.01.
In addition to cyclin D1, protein levels of other cell cycle regulatory proteins such as cyclin A2, cyclin E1 and p21 were also determined by western blot. No significant changes were found between adiponectintreated and untreated cells (Fig. S2) . Because CDKN2A/p16 mutation is frequently observed in pancreatic cancer, we therefore evaluated the impact of adiponectin in PANC1 pancreatic cancer cells which carries deficient p16. Similar to the results shown in CFPAC-1 and BxPC-3 cells, adiponectin treatment significantly inhibited the cell proliferation (Fig. S3A ), and reduced the mRNA level of CCND1 (Fig. S3B) . These results indicated that the impact of adiponectin on cell growth inhibition and the important role of cyclin D1 in regulating adiponectin-induced G1 accumulation may have a broad implication regardless of whether p16 is defective or not.
Adiponectin downregulated the cellular β-caten in levels via the Akt/GSK3-β pathway in pancreatic cancer cells.
Cyclin D1 is a well-known target of β-catenin, which is involved in the development of many cancers [27] . To elucidate the signaling pathway that participated in the adiponectin-induced decrease in cyclin D1 expression, we further detected the expression level of β-catenin in response to adiponectin treatment in BxPC-3 cells. As shown in Fig. 4A&B , the protein level of β-catenin was evidently decreased 24 h after adiponectin treatment. However, there was no change in the β-catenin mRNA expression at the same time point (Fig. 4C) , suggesting that adiponectin decrease the β-catenin protein via promoting its degradation.
The protein level of β-catenin is mostly controlled by the proteasomal degradation through its phosphorylation, which can be performed by GSK-3β [28] . Previous studies have shown that Akt signaling negatively regulates GSK-3β activity by phosphorylating Ser-9 [29, 30] , and thus impedes the phosphorylation and degradation of β-catenin. In BxPC-3 cells, GSK-3β was inactivated in response to serum stimulation, as demonstrated by the GSK-3βSer9 phosphorylation (Fig. 4D) . However, adiponectin treatment obviously suppressed the serum-stimulated phosphorylation of GSK-3β (Fig. 4D) . The suppression of GSK-3β phosphorylation was associated with a remarkable decrease in Akt serine473 phosphorylation following adiponectin treatment (Fig. 4D&E) . These results suggested a suppressive role of adiponectin on regulating the inhibitory phosphorylation of GSK-3β in human pancreatic cancer cells.
To confirm that adiponectin promoted the proteasome-mediated degradation of β-catenin via regulation of the GSK-3β pathway, we performed the experiments with GSK-3β inhibitor TWS119 and proteasome inhibitor MG-132. Results showed that although β-catenin in BxPC-3 cells was significantly reduced by adiponectin treatment, such reduction could be completely reversed by TWS119 or MG-132 (Fig. 4G&H) .
To further verify the functional role of the GSK-3β signaling pathway in the adiponectininduced inhibition of pancreatic cancer cell growth, BxPC-3 cells were treated with the GSK-3β specific inhibitor TWS119in the presence or absence of adiponectin, the cell proliferation assay showed that TWS119 significantly reversed the growth inhibitory effect of adiponectin on BxPC-3 cells (Fig. 4I) . Taken together, our results suggested that adiponectin promoted the degradation of β-catenin via suppression of the inhibitory phosphorylation of GSK-3β, which contributed to its antiproliferative effect in pancreatic cancer cells.
Adiponectin inhibited the expression of β-catenin-associated transcription factor TCF7L2 in pancreatic cancer cells.
In parallel, we performed a genome-wide microarray analysis of the mRNA expression profile in BxPC-3 cells after adiponectin treatment for 48h. As a result, a total of 180 genes were found to be differentially expressed (fold change ≥ 2) in response to adiponectin treatment, including 102 upregulated genes and 78 down-regulated genes (Fig. 5A) . GObased enrichment analysis was used to classify the adiponectin-induced gene expression changes in pancreatic cancer cells under three different subontologies: biological process, cellular component, and molecular function. The analysis for GO biological process and molecular function subontologies revealed that the differentially expressed genes were mainly enriched in "Regulation of transcription, DNA-dependent", "Regulation of transcription from RNA polymerase II promoter", and "Transcription regulator activity"(P<0.05 and count >10) (Fig. 5B) . These results supported a regulatory effect of adiponectin signaling on transcription activity in pancreatic cancer cells. The results of the analysis for GO cellular component subontologies showed that six differentially expressed genes were involved in the transcriptional complex, comprising TCF7L2, TAF5, YAP1, CEBPA, RUNX2 and ANKRD1 (Table 1) . Consistent with the microarray results, the results of quantitative PCR revealed the same change in the above six genes. In particular, as shown in Fig. 5C , the mRNA level of TCF7L2 was significantly reduced after adiponectin treatment. TCF7L2is a coeffector of β-catenin and can interact with β-catenin to promote target genes activation, including cyclin D1, by recruiting transcriptional complexes [31] . Consistent with the mRNA level, the protein level of TCF7L2 was substantially reduced after adiponectin treatment (Fig. 5D) , suggesting that TCF7L2 may participate in the function of adiponectin. 
Discussion
Obesity is one of the common risk factors for various cancers including pancreatic cancer [4] . Obesity-induced adipokine imbalance has been considered an important molecular connection between obesity and cancers [7] . Adiponectin, one of the most abundant adipokines, is significantly decreased in obese individuals [5] . Moreover, longterm prospective studies have demonstrated an association of hypoadiponectinemia with increased pancreatic cancer risk, suggesting a protective role of adiponectin against this fatal cancer [16, 17] . In this study, we provided solid in vitro and in vivo evidence supporting a direct inhibitory effect of this adipokine on the growth of human pancreatic cancer. Importantly, we characterized the molecular mechanisms of adiponectin-induced growth inhibition in pancreatic cancer cells. Our results suggested that adiponectin negatively regulated the β-catenin signaling via promoting the GSK-3β-mediated degradation of β-catenin and downregulating the expression of the β-catenin coeffector TCF7L2 in pancreatic cancer cells. As a consequence, the transcription of β-catenin target genes, such as cyclin D1, was disturbed, resulting in the growth inhibition of pancreatic cancer cells (Fig. 6 ). Adiponectin has been shown to play a role in inhibiting cancer progression in various cancers [12, 32, 33] . Regarding human pancreatic cancer, a previous study has reported an in vitro inhibitory effect of adiponectin on the proliferation of Panc-1 and MiaPaCa-2 cells [34] . However, the in vivo role of adiponectin in inhibiting the growth of human pancreatic cancer has not been determined. Our study not only confirmed the adiponectin-induced proliferation inhibition in another two human pancreatic cancer cell lines (BxPC-3 and CFPAC-1) but also showed, for the first time, that blocking adiponectin signaling could promote the growth of human pancreatic cancer xenografts in nude mice. Our findings presented in this study support that activating adiponectin signaling, such as administrating the small molecule agonist of AdipoRs AdipoRon [31] , may be a promising strategy for the treatment of pancreatic cancer. Interestingly, studies investigating the in vivo effect of adiponectin on murine pancreatic cancer cells have reported conflicting results. Kato et al and Messaggio et al showed that loss of adiponectin causes increased growth of murine pancreatic tumors inoculated orthotopically [34, 35] , supporting our results obtained from the subcutaneous tumor model of human pancreatic cancer. In contrast, Huang et al reported a growth-promoting effect of adiponectin on murine pancreatic cancer, showing a decreased growth of subcutaneous tumors in adiponectin deficient mice [36] . These discrepant in vivo results with respect to murine pancreatic cancer have been explained by the location of the inoculated tumor [36] . Future studies using orthotopic cancer models are required to further confirm the role of adiponectin in inhibiting human pancreatic cancer.
Adiponectin commonly exerts its biological activity through binding to its receptors AdipoR1 and AdipoR2 [37] . The presence of both AdipoR1 and AdipoR2 has been demonstrated in human pancreatic cancer tissues [22] . Consistently, we found that both BxPC-3 cells and CFPAC-1 cells expressed these AdipoRs. Knockdown of AdipoRs abolished the growth-inhibiting effect induced by adiponectin. It is noted that the effect of adiponectin was not parallel to the expression level of AdipoR1/2 in our knockdown experiment. This is probably due to the endogenous adiponectin existing in FBS. Because the blood concentration of adiponectin is very high (5-10μg/ mLin human and mouse), the binding sites of Adipo R1/R2 may be already saturated with the binding of endogenous adiponectin, especially in the medium with 10% FBS. Under such circumstances, adiponectin treatment could not exert further inhibition effect on cell growth. The important function of AdipoRs in regulating cell growth has also been shown in a previous study that treatment with an AdipoR agonist could increase the adiponectin-induced growth inhibition in pancreatic cancer cells [34] . Most recently, AdipoRs were found to be downregulated in pancreatic cancer tissues compared to adjacent normal acinar tissues [34] , supporting the impaired adiponectin signaling in human pancreatic cancer. Nevertheless, AdipoRs expressed by pancreatic cancer cells appear to be sufficient enough to respond to AdipoQ stimulation [34] .
We did not observe the adiponectin expression in human pancreatic cancer cells, suggesting that the action of adiponectin in pancreatic cancer may be exerted via a paracrine or endocrine mode rather than an autocrine mode. Therefore, our in vivo experiments, in which the endocrine and/or paracrine effect of murine adiponectin on human pancreatic cancer xenografts in nude mice was blocked by silencing of human AdipoRs in cancer cells, were designed based on the hypothesis that murine adiponectin can bind to human AdipoRs and exert a similar action on human pancreatic cancer cells. This hypothesis was supported by the following observations: (i) murine adiponectin shares a high amino acid sequence identity (more than 81%) with human orthologous protein; (ii) murine adiponectin could protect human lung fibroblasts against paraquatinduced cytotoxicity, whereas AdipoR knockdown reversed this protection effect [38] ; (iii) overexpression of human adiponectin in mice has been shown to improve a high calorie diet-induced metabolic disorder [39] , indicating that, on the other hand, human adiponectin could also bind to murine AdipoRs and exert its biological function in mice. These findings, together with our results, are suggestive of the protein structure conservation of adiponectin and AdipoRs between humans and mice.
Importantly, we characterized the adiponectintriggered intracellular signaling events downstream of AdipoRs in human pancreatic cancer cells, which was rarely investigated before. Our results revealed that adiponectin exerted its inhibitory effect on the growth of pancreatic cancer via modulating the GSK-3β/β-catenin signaling pathway. This conclusion is supported by our findings that adiponectin treatment substantially reduced the serum-induced phosphorylation of GSK-3β, decreased the intracellular accumulation of β-catenin, and downregulated the expression of cyclin D1. Additionally, treatment with the GSK-3β inhibitor TWS119 could attenuate the inhibitory effect of adiponectin on the proliferation of pancreatic cancer cells. Consistent with our findings, a similar regulatory effect of adiponectin on GSK-3β/β-catenin signaling has also been reported in breast cancer cells [40] . The key signaling molecules that link the adiponectin and GSK-3β/β-catenin pathways were not been identified in our study. A remarkable decrease in the phosphorylation of Akt at Ser473 was observed following adiponectin treatment in our experiments. Due to the existence of crosstalk between the PI3K/ Akt and Wnt/β-catenin signaling pathways in cancer cells [41] , Akt is possibly involved in the adiponectininduced modulation of GSK-3β/β-catenin signaling. In addition, the binding of adiponectin to its receptors canonically activates AMPK signaling through the adaptor protein APPL1 [42] . Inhibiting AMPK could alter the phosphorylation level of GSK-3β [43] , suggesting AMPK as a molecular link between adiponectin signaling and GSK-3β/β-catenin signaling. Further studies are needed to determine the roles of these two signaling molecules in mediating the adiponectin-induced modulation of GSK-3β/β-catenin signaling in pancreatic cancer cells.
Moreover, we found that adiponectin treatment significantly downregulated the TCF7L2 expression at the transcription level. TCF7L2 is one of T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors, which are the major end point effectors of Wnt/β-catenin signaling [31] . TCF/LEF members have the ability to undergo a transcriptional switch from repression to activation of target genes via recruiting β-catenin in the presence of Wnt signals [31] . Since stabilization of β-catenin proteins and active Wnt signaling are usually observed in human pancreatic cancers [44] , adiponectin-induced downregulation of TCF7L2appeared to further attenuate β-catenin signaling in pancreatic cancer cells. Our ongoing studies are seeking to determine the detailed mechanisms by which adiponectin inhibits the expression of TCF7L2. It is possible that TCF7L2 downregulation is a direct consequence of the attenuation of GSK-3β/β-catenin signaling in response to adiponectin due to the fact that TCF/LEF members are potential target genes of Wnt/β-catenin signaling [45] . In this case, adiponectin appears to provoke a "positive feedback loop" that enhances the attenuation of β-catenin signaling by downregulating TCF7L2 in pancreatic cancer cells.
Taken together, our present study provides not only in vitro but also in vivo evidence for the first time that adiponectin signaling could suppress the growth of human pancreatic cancer. Mechanistically, the ability of adiponectin to attenuate β-catenin signaling might play a critical role in mediating the inhibitory effects of adiponectin on pancreatic cancer growth. Our results support a causal link between hypoadiponectinemia and increased pancreatic cancer risk and suggest adiponectin as a novel therapeutic target especially for obesity-related pancreatic cancer.
